Replication of positive-strand RNA viruses involves translation of polyproteins which are proteolytically processed into functional peptides. These maturation steps often involve virus-encoded autoproteases specialized in generating their own N or C termini. Nonstructural protein 2 (NS2) of the pestivirus bovine viral diarrhea virus represents such an enzyme. Bovine viral diarrhea virus NS2 creates in cis its own C terminus and thereby releases an essential viral replication factor. As a unique feature, this enzyme requires for proteolytic activity stoichiometric amounts of a cellular chaperone termed Jiv (J-domain protein interacting with viral protein) or its fragment Jiv90. To obtain insight into the structural organization of the NS2 autoprotease, the basis for its restriction to cis cleavage, as well as its activation by Jiv, we dissected NS2 into functional domains. Interestingly, an N-terminal NS2 fragment covering the active center of the protease, cleaved in trans an artificial substrate composed of a C-terminal NS2 fragment and two downstream amino acids. In the authentic NS2, the 4 Cterminal amino acids interfered with binding and cleavage of substrates offered in trans. These findings strongly suggest an intramolecular product inhibition for the NS2 autoprotease. Remarkably, the chaperone fragment Jiv90 independently interacted with protease and substrate domain and turned out to be essential for the formation of a protease͞substrate complex that is required for cleavage. Thus, the function of the cell-derived protease cofactor Jiv in proteolysis is regulation of protease͞substrate interaction, which ultimately results in positioning of active site and substrate peptide into a cleavage-competent conformation.
T
he pestiviruses, together with the flaviviruses and hepatitis C virus, form the family Flaviviridae (1) . Replication of these positive-strand RNA viruses involves translation of one polyprotein that is processed by cellular and virus-encoded proteases (2) . These processing events generate the proteins required for viral RNA replication and the production of infectious progeny.
Recently in nonstructural protein 2 (NS2) of the pestivirus bovine viral diarrhea virus (BVDV) an autoprotease was identified (3) . In the polyprotein of BVDV strain NCP7, NS2 encompasses amino acids 1137-1589 and thus has a length of 453 aa (4) . The N terminus of NS2 is generated by cellular signal peptidases, and the protein remains associated to intracellular membranes, presumably at the endoplasmatic reticulum. The N-terminal half of NS2 is highly hydrophobic and therefore likely to be involved in membrane association. However, so far no experimental data on membrane topology or protein structure are available, in part because of its biochemical properties as well as its toxicity for bacteria. A recent study revealed that NS2 is a cysteine protease (3); the obtained data indicated a catalytic role for histidine at position 1447 (H1447) and cysteine at position 1512 (C1512). The existence of a third catalytic residue, a glutamic acid located between H1447 and C1512, has been discussed. In the viral polyprotein, NS2 is followed by NS3. NS2-3 autoprocessing occurs between arginine-1589 (R1589) and glycine-1590 (G1590); the introduction of proline residues at either of these positions abolished cleavage (3) .
Interestingly, the proteolytic activity of NS2 depends on a cellular cofactor, namely a chaperone termed Jiv (J-domain protein interacting with viral protein) or its 90-aa fragment Jiv90 (5) . The latter peptide, which served as protease cofactor in the present study, is derived from the C-terminal part of Jiv and does not comprise the so-called J domain. In addition to this domain, Jiv shares with the Escherichia coli heat-shock protein 40 kDa (Hsp40), the prototype member of the J-domain protein family, two out of four cysteine repeats which coordinate two Zn atoms in Hsp40 (6, 7) . Moreover, for Jiv a localization at the endoplasmatic reticulum and an involvement in trafficking of the dopamine D1 receptor to the cell surface has been reported; the protein was thus also termed Drip78 (dopamine D1 receptorinteracting protein 78 kDa) (8) .
Stoichiometric amounts of Jiv͞Jiv90 are required for efficient autoprocessing of BVDV NS2-3, and the formation of a 1:1 complex between NS2 and Jiv90 was observed (5) . So far, size and composition of this complex as well as the Jiv-binding site(s) in NS2 have not been determined. Moreover, the function of Jiv in protease activation is unknown.
NS2-3 autoprocessing is vital for BVDV because free NS3 comprises an essential component of the viral RNA replication complex (RNA replicase) and cannot be replaced functionally by uncleaved NS2-3 (3). For BVDV-infected bovine cell cultures, it has been observed that the low amount of endogenous Jiv limits NS2-3 processing to the first 8 h after infection, resulting in a severe down-regulation of viral RNA replication at later time points. This regulation event is one of the prerequisites for the remarkable capacity of BVDV to persist in its host (5) . This unique mechanism of viral replication regulation is based on the activation of the NS2 protease by Jiv and restriction of NS2 to cis cleavage.
The aim of the present analysis was to obtain insight into the structural organization of NS2, the basis for its restriction to cis cleavage, and its activation by the cellular chaperone Jiv. We succeeded in the functional dissection of NS2 into a protease domain and a substrate domain and identified the C-terminal 4 aa of NS2 as the molecular basis for its incapability to bind and cleave substrates in trans. The data obtained in the established trans-cleavage assay strongly suggest that activation of the NS2 autoprotease by the cellular chaperone Jiv occurs by means of regulation of protease͞substrate interactions.
Results

NS2 Encompasses
Two Independent Jiv-Binding Sites. To gain insight into the mechanism of NS2 protease activation by Jiv͞Jiv90, we first investigated the interaction between both proteins in more detail and identified domains in NS2 that interact with Jiv. For this purpose, NS2 was divided into five fragments (NS2͞A, B, C, D, and E), which were individually expressed as glutathione-Stransferase (GST) fusion proteins (Fig. 1) . A Jiv fragment encompassing the C-terminal 137 aa of Jiv followed by a Flag epitope tag (Jiv-C-flag) was coexpressed with the different GST-NS2 fusion proteins. The metabolically labeled proteins were further analyzed by coradioimmunoprecipitation (CoRIP), SDS͞PAGE, and autoradiography. Protein expression throughout this study occurred in BHK-21 cells by using the vaccinia virus modified virus Ankara T7 RNA polymerase (T7pol) expression system (9) . Coprecipitation was observed between Jiv-C-flag and GST-NS2͞D as well as GST-NS2͞E (Fig. 2) ; in contrast, no interaction was detected between Jiv-C-flag and GST-NS2͞A, GST-NS2͞B, or GST-NS2͞C, respectively (Fig.  2) . A more detailed analysis revealed that a NS2 fragment encompassing amino acids 1470-1515 still interacts with Jiv90; this NS2 peptide will therefore be referred to as Jiv-binding peptide I (JBP-I) (see Fig. 9 , which is published as supporting information on the PNAS web site). The JBP in the NS2͞E fragment (amino acids 1532-1589) is located in its N-terminal half (see Fig. 9 ) and will be referred to as JBP-II.
Functional Dissection of the NS2 Autoprotease into Protease and
Substrate Domain. For several pestivirus strains, a short region of NS2 between amino acids 1529 and 1544 contains insertions that vary in length between 16 and 157 residues (10, 11) . Accordingly, these insertions are located between the two JBPs of NS2 described above. This remarkable spatial flexibility between the two JBPs suggested that this region of NS2 represents a linker between two functionally independent parts of the autoprotease.
Therefore, the N-terminal fragment of NS2 would represent the protease because it contains the active center of the enzyme that overlaps with JBP-I; the C-terminal NS2 fragment, encompassing JBP-II, would be regarded as the substrate domain of the autoprotease. These ideas provoked the question of whether an NS2 autoprotease fragmented in such a way is active in trans. To test this experimentally, two expression plasmids were established coding for NS2 fragments NS2͞A-D and NS2͞E (see above), respectively. The encoded N-terminal NS2 fragment, termed flag-NS2-1531, was tagged at its N terminus by a Flag epitope and lacked the 58 C-terminal residues of NS2 (see Fig.  1 ). The artificial substrate peptide, encoded by pmyc-MBP-NS2*-NS3*-GST, encompassed the C-terminal 58 residues of NS2 followed by the N-terminal 54 residues of NS3 and thus the NS2-3 cleavage site; this peptide was tagged C-terminally by GST and N-terminally by maltose-binding protein (MBP), which was preceded by the myc epitope (see Fig. 1 ). These two NS2 fragments as well as Jiv90 were expressed, and protein processing was analyzed (Fig. 3 ). Upon coexpression with flag-NS2-1531 and Jiv90, efficient processing of the artificial substrate myc-MBP-NS2*-NS3*-GST was observed. Western blot analysis using the GST mAb recognized (besides full-length myc-MBP-NS2*-NS3*-GST) a protein of Ϸ35 kDa, which is in accordance with the molecular mass expected for NS3*-GST, the putative C-terminal cleavage product (Fig. 3 , lane 5). Experimental determination of the N-terminal amino acid sequence of one NS3*-GST derivative generated by flag-NS2-1531 in the presence of Jiv90 further verified its identity and revealed that processing of the substrate peptide occurred at the authentic NS2-3 cleavage site (see Fig. 10 , which is published as supporting information on the PNAS web site). The mAb directed against the myc epitope (myc mAb) detected (besides full-length myc-MBP-NS2*-NS3*-GST) a protein species with a molecular mass expected for myc-MBP-NS2*, the N-terminal cleavage product (Fig. 3) . Inactivation of the NS2 protease in flag-NS2-1531 by an exchange of the catalytic cysteine at position 1512 by alanine (C1512A) inhibited processing of the substrate. A substrate with exchanges of the last amino acid of NS2 and the first amino acid 12) were coexpressed in BHK-21 cells. After metabolic labeling, CoRIP analysis using Flag mAb (anti-flag) or GST mAb (anti-GST) was carried out. Molecular mass markers are indicated by k (kDa). The high-molecular-mass band in lane 3 comigrating with GST-NS2 appeared in independent experiments and most likely represents a dimer of GST-NS2͞A; this assumption is in accordance with its apparent size and its hydrophobic nature, which might promote aggregation.
of NS3 by proline, termed myc-MBP-NS2*-NS3*-GST͞1589-90P, was not processed. These results are in line with a previous study on the NS2 protease and its cleavage site requirements (3). Moreover, no cleavage was detectable when myc-MBP-NS2*-NS3*-GST was expressed alone or coexpressed with either flag-NS2-1531 or Jiv90 (Fig. 3) .
In conclusion, these results demonstrate that the NS2 autoprotease can be functionally dissected into a protease fragment and a substrate domain. The cellular protease cofactor Jiv90 plays an essential role in trans cleavage of the substrate.
Substrate Requirements. To identify the minimal NS2-3 peptide that can serve as substrate for cleavage in trans, derivatives of myc-MBP-NS2*-NS3*-GST with terminal truncations at either the NS2 or the NS3 fragment were coexpressed with flag-NS2-1531 and Jiv90. Western blot analysis demonstrated that the C-terminal 53 aa (1537-1589) of NS2 and 2 aa of NS3 (1590-1591) are essential for cleavability of the substrate (Fig. 4, lanes  4 and 7) . A deletion of three additional amino acids from the N terminus of NS2 or a complete deletion of NS3-derived amino acids from myc-MBP-NS2*-NS3*-GST abolished cleavage.
Efficient cleavage was still observed for a substrate beginning with amino acid 1505 in NS2 (data not shown). Interestingly, a further N-terminal elongation of the NS2 part in the substrate to amino acid 1402 had a deleterious effect on its cleavability (Fig.  4, lane 2) . This finding indicates that a C-terminal NS2 fragment that covers the active center of the protease and the overlapping JBP-I is not a substrate suited for trans cleavage.
Activation of the NS2 Protease for Trans Cleavage Requires C-Terminal
Truncation. The finding that flag-NS2-1531 is active in trans led to the question of whether the authentic NS2 autoprotease is also capable of cleaving this artificial substrate. Western blot analysis revealed that full-length NS2 with an N-terminal Flag tag (flag-NS2) coexpressed with myc-MBP-NS2*-NS3*-GST and Jiv90 was not active (Fig. 5) . Remarkably, after deletion of at least four C-terminal amino acids from flag-NS2, the NS2 protease gained trans-cleavage activity. flag-NS2 derivatives with C termini located between 1531 and 1585 were proteolytically active, and a truncation to amino acid 1525 inactivated the enzyme, most likely because of a deletion of an essential part of the protease domain. Accordingly, the NS2 protease can be activated for trans cleavage by deleting between 4 and 58 aa from its C terminus. To investigate the molecular basis for the lack of transcleavage activity of full-length NS2, interaction between protease domain and substrate domain was studied. To investigate this in the absence of substrate cleavage, myc-MBP-NS2*-NS3*-GST͞1589-90P was applied as a substrate that is not cleavable because of mutations at the NS2-3 cleavage site (see Fig. 3 ). This substrate and Jiv90 were coexpressed with flag-NS2 or its C-terminally truncated derivatives, respectively, and analyzed by a CoRIP assay (Fig. 6) . Interestingly, protease͞substrate coprecipitation (and vice versa) was observed only for protease derivatives that were C-terminally truncated by at least 4 aa. In contrast, for NS2 with an authentic C terminus (flag-NS2-1589) or NS2 truncated C-terminally by only two amino acids (flag-NS2-1587), no interaction with the substrate was detected. These data strongly suggest that the C-terminal 4 aa of NS2 interfere with its capacity to bind a substrate peptide offered in trans. Accordingly, truncation of NS2 by at least 4 aa (flag-NS2-1585) is necessary and sufficient to allow the interaction with a substrate offered in trans and its cleavage (see Fig. 5 ).
Jiv90 Promotes the Interaction Between Protease and Substrate
Domain. The active center domain of the protease encompassed in fragment flag-NS2-1531 as well as the substrate myc-MBP-NS2*-NS3*-GST both individually contain a JBP (see Figs. 2 and  9 ). This intriguing fact led to the hypothesis that the function of Jiv90 is to support the formation of the substrate͞protease complex detected in Fig. 6 . To test this, protease fragment and substrates were coexpressed either without or together with Jiv90 and further analyzed by CoRIP. As shown in Fig. 4 , substrate myc-MBP-1537-NS2*-NS3*-GST contains the shortest NS2 part suited for trans cleavage. To compare for this substrate complex formation in the absence of processing, the residues flanking the NS2-3 cleavage site were exchanged by proline, resulting in myc-MBP-1537-NS2*-NS3*-GST͞1589-90P. When monitored by the myc or Flag mAb, coexpression of Jiv90 dramatically increased coprecipitation of this substrate with the protease flag-NS2-1531 and vice versa (Fig. 7) ; Jiv90 was also part of the protein complexes precipitated by the myc or Flag mAb, respectively.
As demonstrated above, a substrate beginning at amino acid 1540 in NS2 and thus only 3 aa shorter than myc-MBP-1537-NS2*-NS3*-GST, was not processed by flag-NS2-1531 in the presence of Jiv90; similarly, an N-terminally elongated substrate beginning at position 1402 in NS2 also was not a suitable substrate for trans cleavage (see Fig. 4 ). Upon introduction of the cleavage site mutations, these substrates were tested for Jiv90-mediated complex formation with the protease fragment. Interestingly, Jiv90 was not capable of inducing the coprecipitation of one of these substrates with the protease and vice versa (Fig. 7) .
In conclusion, a 90-aa fragment of the cellular chaperone Jiv significantly promotes the formation of a protein complex containing the protease fragment as well as the substrate fragment of the NS2 autoprotease.
Discussion
Replication of all positive-strand RNA viruses involves the translation of polyproteins that have to be proteolytically cleaved to allow viral replication; virus-encoded autoproteases are often involved in this process (12) . In this report, the functional dissection of such an autoprotease into its proteolytic part and its substrate domain, as well as its activation for cleavage in trans by a cellular chaperone, are described. Our studies allowed us to define the C-terminal border of the BVDV NS2 protease domain as well as the minimal substrate domain. Interestingly, only 19 aa downstream of the catalytic cysteine were sufficient for protease activity. In the distantly related NS2-3 protease of hepatitis C virus, the catalytic cysteine is located 35 aa upstream of the cleavage site; however, it has not been established that this protease domain is active on its own because NS2-3 cleavage requires, in addition to NS2, Ϸ180 NS3-derived amino acids (2, 13, 14) . In contrast, the BVDV NS2 protease fragment was able to process a substrate in trans that encompassed only 2 aa of NS3. As postulated before, the different requirements for NS3-derived peptides may reflect the altered positions of the essential Zn-binding domains in both enzymes (3): whereas in the hepatitis C virus NS2-3 protease this domain is located in the N-terminal part of NS3 (15), the putative Zn-binding domain of the BVDV NS2 protease resides in NS2 and overlaps with the active center (3). 6 . Analysis of protease͞substrate interaction in the presence of Jiv90. myc-MBP-NS2*-NS3*-GST͞1589 -90P (noncleavable substrate) and Jiv90 were coexpressed with NS2 and its truncated derivatives in BHK-21 cells; the expression plasmids used are indicated above the lanes. After expression and metabolic labeling, cell lysates were subjected to CoRIP analysis applying the anti-myc or the anti-Flag mAb (indicated above each lane). Fig. 7 . Jiv-induced protease͞substrate interaction. Different substrates were coexpressed with the protease fragment flag-NS2-1531, either alone or together with Jiv90. Cleavage of all substrates was prevented by the 1589͞90P substitutions at the NS2-3 cleavage site. After expression and metabolic labeling, cell lysates were subjected to CoRIP analysis. Lower is derived from a longer exposure of the same gel. The entire Jiv protein was also capable of inducing complex formation between the protease fragment and the substrate fragment in this assay (data not shown). Jiv90-dependent complex formation between substrate fragment and protease fragment was also observed in BSR-T7 cells (see the legend of Fig. 3 ) (data not shown), excluding a relevant influence of the vaccinia virus on the obtained results.
Interestingly, the cleavage of a substrate in trans required the deletion of at least the four C-terminal amino acids from the BVDV NS2 protease. Only C-terminally truncated proteases had the capability to form in the presence of Jiv90 or entire Jiv (for the latter, data are not shown) complexes with the substrate as shown in the coprecipitation studies. These findings indicate that the C-terminal part of NS2 remains in the substrate-binding pocket of the protease after cleavage and thereby interferes with binding and cleavage of further substrates offered in trans. According to this model, the restriction of the BVDV NS2 protease to cis cleavage is based on an intramolecular product inhibition mediated by its C-terminal amino acids. An analogous situation was reported for the capsid protein of the alphavirus Sindbis virus (16) . Sindbis virus capsid protein (SCP) also represents an autoprotease that generates its own C terminus. A structural analysis revealed that SCP contains a chymotrypsinlike serine protease domain. Interestingly, upon cleavage the C-terminal tryptophane of SCP remained in the P 1 substrate site, rendering the protease inactive (16) .
NS2-3 cleavage is a key step in the regulation of pestiviral replication and persistence because free NS3 is an essential replicase component that cannot be functionally replaced by unprocessed NS2-3 (3). The recently observed temporal limitation of NS2-3 processing in BVDV-infected cells results in a down-regulation of replication, which is crucial for the capacity of this virus to persist (5) . The molecular basis for the restriction of NS2-3 cleavage is a limiting amount of the cellular protease cofactor Jiv. According to the current model, the formation of a 1:1 complex between Jiv and NS2, in combination with the restriction of the NS2 protease to cis cleavage, allows each Jiv molecule to induce the release of only one NS3 molecule (5) . Accordingly, the autoinhibition of the NS2 protease described in this article is a prerequisite for the tight regulation observed for pestiviral replication and thus is of high biological significance.
The unique feature of the BVDV NS2 protease is its activation by the cellular chaperone Jiv, substituted throughout this study by its fragment Jiv90. The obtained data provide insight into the mode of protease activation by Jiv. The detection of two independent JBPs in NS2, one overlapping with the active center of the protease and a second one in the substrate domain, was particularly important. As indicated by the coprecipitation studies, Jiv90 strongly supports the interaction between protease and substrate domain (see Fig. 8 ). Only substrate peptides able to form a complex together with the flag-NS2-1531 protease fragment and Jiv90 were proteolytically processed. Complex formation as well as cleavability required substrates with NS2 fragments covering the 53 C-terminal amino acids, whereas a further truncation by three residues interfered with both processes. This finding suggests that the N-terminal border of a functional JBP-II is located close to amino acid 1537. Furthermore, an N-terminally elongated substrate peptide encompassing the active center of the NS2 protease and the overlapping JBP-I neither was processed in trans nor formed the Jiv-induced complex with the protease fragment. Possibly, the protease domain present in cis in the latter substrate interferes with binding of a protease fragment offered in trans; alternatively, the presence of JBP-I and JBP-II may interfere with complex formation and cleavage. With respect to induction of substrate cleavage as well as promotion of complex formation between substrate domain and protease domain, analogous results were obtained for Jiv90 and Jiv (for the latter, data are not shown). These findings strongly suggest that, like for Jiv90, the entire Jiv protein interacts with both JBPs in NS2. However, to compare the relative affinities between NS2 and Jiv͞Jiv90, purified proteins will be required.
Taken together, our findings strongly suggest that the observed interactions of Jiv with protease domain as well as substrate domain are a prerequisite for complex formation and substrate cleavage. The successful dissection of the NS2 autoprotease into functional fragments was the basis of the biochemical evidence obtained for the role of the cellular chaperone in protease activation. In the light of these data, it is highly likely that activation of the authentic viral NS2 autoprotease is caused by a Jiv-induced repositioning of active site and substrate peptide into a cleavage-competent conformation (Fig. 8) .
The observed supportive role of Jiv in protease͞substrate complex formation resembles chaperone actions observed in the assembly of protein complexes (17, 18) ; however, unlike classical chaperones, Jiv and Jiv90 seem to form stable complexes with their interaction partner, NS2 (5, 7). Moreover, Jiv90 does not comprise the J domain, an essential determinant for the interaction of J-domain proteins with chaperones of the Hsp70 family (19) . Accordingly, the Jiv-mediated activation of the NS2 protease for cis and trans cleavage is most likely occurring independent of chaperones of the Hsp70 family.
For Jiv, no comprehensive data set is available with respect to its cellular interaction partners and its physiological functions. Recently, an interaction of Jiv with the dopamine D1 receptor has been reported (8) . According to the respective study, Jiv is essential for the transport of this receptor protein from the endoplasmatic reticulum to the cell surface, but the underlying mechanism has not been elucidated. Based on the data available so far, it seems feasible that, in pestivirus-infected cells, NS2 competes with the cellular ligands of Jiv and thereby interferes with specific protein-trafficking pathways. To investigate whether this aspect is of relevance for pestiviral replication and pathogenicity is an interesting avenue for future studies. In this context, it will be also important to define size and composition of the NS2͞Jiv complex in the infected cell, especially with regard to putative additional cellular factors. However, concern- 
